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This study measured the fading times of peripheral targets as a function of whether viewing was monocular or binocular, and of
brightness contrast. Data from a binocularly normal group showed Troxler fading to be signiﬁcantly faster with monocular
(i.e., patched) than with binocular viewing. In contrast, one-eyed observers showed signiﬁcantly longer fading times than the two-eyed
observers viewing monocularly and equivalent times to their binocular viewing. A control experiment showed that these ﬁndings were
not due to worse ﬁxation stability, larger pupil sizes, or an unusually large blinking rate in the enucleated group. The enucleated group
actually exhibited a slight miosis, equivalent ﬁxation stability, and a normal blinking rate. In both experiments, the times to fading of all
observers were a function of brightness contrast. We conclude that in binocularly normal observers patching or closing one eye does not
produce monocular vision but rather a condition of weak binocular rivalry, and that the absence of inhibitory binocular interactions in
the enucleated group may explain, in part, their resistance to fading and their superior performance in other contrast-deﬁned tasks.
 2006 Elsevier Ltd. All rights reserved.
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Targets, as a whole or in part, fade and in and out of
consciousness during maintained ﬁxation. This phenome-
non was ﬁrst described by the physician and political phi-
losopher Ignaz Paul Vitall Troxler (1804) after whom the
eﬀect is known (http://www.troxlerforum.ch). The ﬁlling-
in of targets by their background is faster for stimuli with
blurred edges, low contrast, low luminance, and those opti-
cally stabilized on the retina (see Komatsu, 2006; Pessoa &
De Weerd, 2003; Pessoa, Thompson, & No¨e, 1998 for
reviews). Fading times also diminish as a function of eccen-
tricity and there is a consistent anisotropy with horizontal
meridians taking longer to ﬁll (Barrett, Mennemeier, Chat-0042-6989/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
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E-mail address: gonzalez@yorku.ca (E.G. Gonza´lez).terjee, Fuhr, & Novack, 2002; Proudlock, Khanna, &
Gottlob, 2006; Sakaguchi, 2003). Under photopic condi-
tions, fading times also reﬂect patterns in Weber contrast
sensitivity and cone density but under scotopic conditions,
they are shorter than expected on the basis of rod density
(Proudlock et al., 2006).
A vast literature has demonstrated that, rather than the
eﬀects of local adaptation in the retina (Clarke & Belcher,
1962; Gerrits, de Haan, & Vendrik, 1966; Kotulak & Schor,
1986), fade-out and ﬁlling-in are better understood as the
result of active cortical processes related to surface represen-
tation (Komatsu, 2006; DeWeerd, Desimone, & Ungerleid-
er, 1998). Apart from targets deﬁned by contrast, texture,
luminance and colour, ﬁlling-in has been found for moving
(Anstis, 1989; Hunzelman & Spillman, 1984), ﬂickering
(Harris, Calvert, & Snelgar, 1990; Schieting & Spillmann,
1987;Anstis, 1996) and dynamic texture stimuli (Ramachan-
dran & Gregory, 1991; Spillmann & Kurtenbach, 1992).
1 The terms ‘blackout’ and ‘blankout’ meaning a sudden, short episode
of blackness or loss of visual sensation have both been used as synonyms
in the literature. We have followed Gur’s (1991) usage.
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it—can be modulated by higher levels of processing as
revealed by studies of patients with focal lesions of the
parietal and frontal cortices.Mennemeier et al. (1994) found
that patients with parietal lesions report accelerated Troxler
fading and fading of moving peripheral stimuli contralateral
to the brain lesion while patients with frontal lesions resist
Troxler fading. Troxler fading is also subject to the eﬀects
of selective attention and cross-modal auditory modulation:
when observers are instructed to attend to targets of a given
colour (Lou, 1999) or shape (De Weerd, Smith, &
Greenberg, 2006), those attended have a higher likelihood
of fading, and repetitive auditory cues can selectively
enhance the visibility of visual targets (Sheth & Shimojo,
2004).
Filling-in phenomena diﬀer in the time that it takes for
the background to cover the area previously occupied by
a target. Whereas the ﬁlling-in of natural or pathological
scotomas is almost instantaneous, phenomena attributed
to Troxler fading take several seconds to occur and the
remapping of space in the visual cortex after retinal or cor-
tical lesions may take even longer (see Fiorani et al., 2003 &
Kaas et al., Kaas, Collins, & Chino, 2003 for reviews).
Spillmann and De Weerd (2003) concluded that the various
phenomena associated with the fading and disappearance
of targets into their backgrounds are evidence for a two-
stage process involving the gradual breakdown of ﬁgure-
ground segregation followed by a fast ﬁlling-in processes
similar to the interpolation across surfaces and in scoto-
mas. In other words, fading phenomena are the result of
the interaction between the adaptation of mechanisms of
boundary representation and the interpolation processes
which they are designed to contain. Further research has
shown that the ordering of depth of the target relative to
its background is also an important determinant of total
fading duration (Hsu, Yeh, & Kramer, 2006).
It was Troxler who ﬁrst reported that peripheral fading
could be experienced with monocular as well as with binoc-
ular vision; although the latter takes longer to occur even
under retinally stabilized conditions (Rozhkova, Nick-
olayev, & Shchadrin, 1982). Comparisons of monocular
and binocular viewing require a form of occlusion or
homogeneous stimulation of the non-viewing eye which
makes monocular conditions for binocularly normal
observers special cases of those used in the study of binoc-
ular rivalry (see Blake & Logothetis, 2002 for a review).
This view, however, is not universally accepted.
In order to explain the alternations of stimuli in rivalry,
Levelt (1965, 1966, 1967) proposed the notion of stimulus
strength as a function of luminance, contrast, contour den-
sity, and velocity of a pattern. An untextured pattern has
zero strength and should remain suppressed. Levelt
(1965) called any contour fading in favour of the homoge-
neous ﬁeld ‘‘spurious rivalry’’ since the classic temporal
and spatial features of rivalry from a textured ﬁeld are
absent. There are many sources of evidence that challenge
his view, including the data presented here.Gur (1991) showed that while the gradual loss of bright-
ness and saturation (fade-out) can be seen under both mon-
ocular and binocular Ganzfeld conditions, blackouts1 are
only experienced monocularly (see also Bolanowski &
Doty, 1987). While under those conditions fade-outs could
be retinal in origin, blackouts, the brief and intermittent
loss of visual sensation experienced by some observers, is
likely due to binocular rivalry. Howard (1959) also showed
that a closed eye can suppress a textured stimulus: a faint
meshwork pattern on a grey ‘‘cloud’’ appears on a ﬁne
grating when it oscillates up and down at about 2 Hz; if
a coarser grating is viewed, a faint phase-reversed image
of the grating is seen on the grey ‘‘cloud’’. None of the sev-
en one-eyed subjects he tested were able to see either phe-
nomenon. Similarly, Ellingham, Waldock, and Harrad
(1993) interviewed 104 binocular eye casualty patients
wearing a therapeutic eye patch and found that 31% of
them reported either blurring, blackouts, ‘‘snowstorms’’,
or a combination of these visual disturbances of the uncov-
ered eye. The symptoms occurred mostly within minutes
but sometimes several hours after the patching began. Of
the additional enucleated or amblyopic patients inter-
viewed, none reported any visual disturbances. In addition,
when a coloured patch was used, the binocular observers
reported a red area that covered most of the visual ﬁeld
with the exception of the monocular crescent correspond-
ing to the uncovered eye, lending more credence to the
explanation of the disturbances as a consequence of rivalry
from the covered eye. Binocularly normal observers exhibit
very few changes in a variety of visual functions after a
month of monocular patching but do report frequent and
annoying blackouts during the period of occlusion (Dengis,
Steinbach, & Kraft, 1992).
In a demonstration of the interaction between rivalry and
fading, Wade and de Weert (1986) found that the duration
of dominance of one eye can be reduced by prior viewing
of the stimulus by that eye, andWade (1978) concluded that
it is probably rivalry from the occluded eye that is responsi-
ble for the ﬂuctuation in visibility of monocular afterimages.
Young, Li, Levi, Klein, and Huang (2004) found that the
orientation and eye-speciﬁcity of the perceptual learning
of hyperacuity were eliminated under utrocular conditions
(i.e., when information as to eye-of-origin is lost). In a posi-
tion discrimination task (Young, Li, Levi, & Klein, 2005),
interocular transfer was also obtained when a diﬀuser was
placed over the open untrained eye. In both experiments
the authors concluded that monocular learning is ‘‘learning
to see through rivalry (learning to ignore the patch)’’. Shifts
in attention from the eye viewing the target to the one
behind the patch could be partly responsible for the cycles
of appearance and disappearance in Troxler fading, as has
been shown in binocular rivalry (Mitchell, Stoner, &
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ness (Bonneh, Cooperman, & Sagi, 2001).
Even when visual disturbances, like the ones described
above, are either not perceived or not reported by observers,
the type of monocular occlusion used has distinctive eﬀects
on binocular performance, as was reported for acuity by
Horowitz (1949) and more recently by Wildsoet, Wood,
Maag, and Sabdia (1998) for acuity and contrast sensitivity.
Binocular acuity and contrast sensitivity deteriorate as a
function of interocular illuminance diﬀerences and increas-
ing the density of the ﬁlter in front of one eye eventually leads
to binocular inhibition (i.e., binocular viewing becomes
worse than monocular viewing). That binocular brightness
perception can be lower when one eye is covered by a neutral
density ﬁlter than when the ﬁltered eye is closed, is an eﬀect
called Fechner’s paradox (Fechner, 1860/1966).
Goldstein (1967) tested the hypothesis that Troxler fad-
ing is aﬀected by binocular rivalry by comparing a group of
enucleated observers with a group of binocularly normal
controls. His data revealed a signiﬁcant diﬀerence between
the number of disappearances for the two groups with the
one-eyed observers exhibiting signiﬁcantly fewer fadings
than the binocularly normal participants who viewed with
their sighting-dominant eye and a black eye patch over the
other eye.
The present study involves two experiments designed to
examine Troxler fading with binocular and true monocular
viewing conditions. Experiment 1 compared peripheral
Troxler fading in binocularly normal controls and early-
enucleated observers for stimuli at high, medium, and
low contrast and opposite polarities. Experiment 2 exam-
ined the possibility that non-cortical factors such as poorer
ﬁxation stability, higher blinking rates, or larger pupils
could be the source of the superior performance of one-
eyed observers. Poorer ﬁxation stability and higher blink-
ing rates would constantly refresh the retinal image and
larger pupils, while allowing more light, would produce
brighter images which would take longer to fade.
2. Experiment 1
2.1. Methods
2.1.1. Participants
Forty-one volunteers participated. Of these, 11 had been
unilaterally enucleated between 4 and 43 months of age
(mean = 16.6, SD = 12.3 months) due to retinoblastoma, a
rare form of paediatric cancer of the eye (Harbour, 2006).
Eight of the 11 one-eyed observers viewed with their left
eye. Their age ranged from 16 to 45 years (mean = 26.6,
SD = 9.8 years) and the age of the 30 control observers ran-
ged from 12 to 60 years (mean = 28.8 ± 14.2 years). Nine of
the enucleated observers had unilateral retinoblastoma and
an ophthalmologically normal remaining eye. The two
observers with bilateral disease had normal maculae and
therapeutically induced scars only in the far periphery of
their remaining eye.The control observers in all three studies had no history
of any ocular disorders and normal binocular vision (at
least 40 arc s1 of stereopsis) as assessed by the Titmus test
(Stereo Optical Co., Chicago, IL 60641, USA). All partic-
ipants had either normal or corrected-to-normal vision
and wore their optical correction, if any was needed. Most
observers were inexperienced in psychophysical experi-
ments and all were naı¨ve as to the purpose of the experi-
ment with the exception of one of the authors (MJS). All
participants provided their informed consent and the
experimental protocols were approved by the Ethics
Review Boards of the Hospital for Sick Children and the
University Health Network in accordance with the ethical
standards of the 1964 Declaration of Helsinki.
2.1.2. Apparatuses and stimuli
VPixx v.1.67 (http://www.vpixx.com), a graphics and
psychophysics testing program, was used for stimulus gen-
eration and experiment control. Stimuli were presented on
a 21-in. Samsung SyncMaster 900NF ﬂat-screen cathode
ray tube (CRT) controlled by a MacIntosh Powerbook
computer at a resolution of 832 · 624 pixels and refresh
rate of 75 Hz. The observers’ head was supported by a
chinrest and they viewed the stimuli in a darkened room
at a distance of 57 cm.
Each stimulus consisted of six discs 3 deg in diameter
arranged at a radial distance of 10 deg from a red central
ﬁxation cross (arms 0.2 deg wide and 1 deg long) at polar
angles of 30, 90, 150, 210, 270, and 330 deg (Fig. 1). The
stimuli had low, medium or high contrast (Table 1) and
were either light discs on a dark background or dark discs
on a light background.
2.1.3. Procedures
In both experiments observers were instructed to ﬁxate
the red cross in the centre of each stimulus and to click
the mouse when any of the discs or a part of a disc disap-
peared. After each response, the computer recorded the
fading time in seconds and the stimulus was replaced by
a black ﬁeld (0.04 cd/m2) for 1 min in order to allow any
afterimages to disappear. If the afterimages persisted after
this time, further time was allowed during which partici-
pants were encouraged to look around the room. Testing
was self-paced and each trial began after the observer
pressed the spacebar. A maximum of 1 min viewing time
was allowed for each trial. If by the end, the observer failed
to report any fading, a value of 60 s was recorded. The data
collected this way underestimated the larger fading times
but was less tiring for the young and inexperienced observ-
ers. The head supported by a chinrest allowed the ﬁxation
cross to be in primary position. Subjects viewed each of six
stimuli twice in random sequence.
The control observers performed the task both
binocularly and with their non-preferred eye patched with
tape. Trials were blocked by viewing condition and the
randomly assigned blocks were separated by a 5 min rest
period.
Fig. 1. The six stimulus displays used in Experiment 1. Each consisted of a
red ﬁxation cross surrounded by 6 discs 3 deg in diameter all equally
spaced at 10 degrees of eccentricity from the centre. There were three
contrast levels (rows) for each polarity (columns).
Table 1
Stimulus brightness and contrast values for Experiment 1
Stimulus Maximum
brightness
(cd/m2)
Minimum
brightness
(cd/m2)
Michelson
contrast
Light circles/dark background
High contrast 186.5 0.3 0.996
Medium contrast 66.5 31.9 0.352
Low contrast 3.4 2.8 0.097
Dark circles/light background
High contrast 125.5 3.0 0.953
Medium contrast 41.6 19.5 0.362
Low contrast 123.0 93.7 0.135
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In order to achieve homogeneity of variance and nor-
mality in the data, fading times were logarithmically trans-
formed [x = log10(x)]. Analyses of variance (ANOVAs)
used the Geisser-Greenhouse conservative F statistic and,
for posthoc comparisons, family-wise error was controlled
using Holm’s sequential Bonferroni approach. A critical
probability value of p < .05 was used. Considering the
diﬀerences in sample size and that the design involved
repeated measures for the control participants, compari-
sons with the enucleated group were made using 95% con-
ﬁdence intervals of the mean.2.2. Results
For the binocularly normal observers, a 2 · 3 · 2
ANOVA with viewing condition (binocular and patched),
contrast (high, medium, and low) and polarity (dark and
light discs) as independent variables conﬁrmed that fading
time with binocular viewing is signiﬁcantly longer than
with patched viewing (F(1,29) = 41.20, p < .001) and that
there is a signiﬁcant interaction between contrast and
polarity (F(1.81,52.54) = 19.29, p < .001). Pairwise com-
parison tests showed that at low contrast, light discs took
longer to fade than dark discs (t(29) = 5.77, p < .001) but
that there were no signiﬁcant diﬀerences between the two
types of discs at high and medium contrast. These data
show that only at low contrast are Troxler fading times a
function of stimulus brightness.
For both dark and light discs, pairwise comparisons
yielded signiﬁcant diﬀerences (p < .001) between high and
medium contrast, and between medium and low contrast
(p < .001). Fig. 2 shows the dark and light discs’ data of
the control participants.
For the enucleated observers there was a signiﬁcant
eﬀect of contrast (F(1.94,19.38) = 42.37, p < .001) but
no signiﬁcant eﬀect of polarity or of the interaction
between contrast and polarity. Multiple comparisons
yielded signiﬁcant diﬀerences between high and medium
(p = .006), and between medium and low (p < .001)
contrast.
For the pooled fading times of the dark and light discs,
the means of the enucleated group fell within the conﬁ-
dence intervals of the means of the binocularly viewing
controls at high and medium contrasts, but their fading
times were longer at low contrast (for dark and light discs
separately). The means of the enucleated observers were
also above—i.e., their fading times were longer—the upper
limit of the conﬁdence intervals of the means of the patched
controls at high and medium contrast (dark and light discs
pooled) as well as at low contrast (dark and light discs
separately).
3. Experiment 2
During Experiment 1 the experimenter constantly
monitored the participants’ eyes during testing and
observed no obvious diﬀerences in the ﬁxation
performance of the two groups. Although large changes
in eye ﬁxation are relatively easy to detect (Ludvigh,
1949), we needed to ascertain whether the longer fading
times of the enucleated group could be attributed to con-
stant image refreshing due to poor ﬁxation stability. We
also attempted to replicate Goldstein’s ﬁndings of very
few disappearances on the left side of the visual ﬁeld of
the one-eyed observers by placing, for each stimulus dis-
play, a single target in one of the four quadrants of the
visual ﬁeld. The stimuli in this experiment were all of low
contrast in order to reduce fading times and, consequently,
the duration of the test.
Fig. 2. Fading times as a function of viewing condition, contrast, and polarity. For the controls (n = 30), binocular viewing and higher contrast produced
longer fading times. The enucleated observers (n = 11) showed an eﬀect of contrast but no eﬀect of polarity (i.e., dark discs produced similar fading times
as light discs). For the controls, light discs produced longer fading times than dark discs, but only at low contrast. Data are linear values with logarithmic
spacing. Error bars are ±1 SE.
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3.1.1. Participants
Ten volunteers participated; four in the enucleated
group and six in the control group. The four enucleated
participants and one of the controls (author MJS) had par-
ticipated in Experiment 1 as well. The enucleated group
had a mean age of 32 years (SD = 7.5) and the control a
mean age of 31 years (SD = 10.1). Three of the four enucle-
ated observers viewed with their left eye.
3.1.2. Apparatuses and stimuli
Stimuli were presented on a 21-in. Samsung SyncMaster
900NF ﬂat-screen CRT controlled by a MacIntosh G4
computer at a resolution of 832 · 624 pixels and refresh
rate of 120 Hz. Eye position and pupil size were recorded
monocularly with a video-based infrared corneal-reﬂection
eyetracker with a remote optics module (Pan Tilt Remote
Eyetracker Model 504, ASL, Boston, Mass.) and a Flock
of Birds (Ascension Technologies, Inc.) 3D motion head
tracker controlled by a Compaq Deskpro EN computer.
The eyetracker has a speciﬁed resolution of 0.25 deg, and
a sampling rate of 60 Hz.
There were four stimulus patterns, each consisting of a
single 3 deg disc at 10 deg from a central red ﬁxation cross
(arms 0.2 deg wide and 1 deg long). The disc was located
either in the top right, top left, bottom left, or bottom right
visual-ﬁeld quadrant; that is, at polar angles of 45, 135,
225, or 315 deg. Discs had a brightness of 0.09 cd/m2 and
the background was 0.04 cd/m2. A customized version of
VPixx v.1.87 was used for stimulus generation, experimen-
tal control, response recording, and the interface between
the two computers by means of the VPixx ChromatrigTM
interface box.
3.1.3. Procedures
The procedure for viewing the stimuli and recording the
responses was the same as described for Experiment 1.Participants viewed each of the four stimuli ten times in
random sequence. The only exception was one of the enu-
cleated observers who, rarely being able to see any fading,
asked for the test to be terminated after completing 40% of
the trials. The control observers performed the task binoc-
ularly and also monocularly with their preferred eye (ﬁve
with the right and one with the left) while the other was
patched with tape. Trials were blocked by viewing condi-
tion and the blocks, assigned in random order, were sepa-
rated by a 5 min rest period. Eye position, blinking rate
and pupil size analyses were performed oﬀ-line.
3.2. Results
3.2.1. Fading times
The fading times of the enucleated and control groups
exhibited the same pattern as found in Experiment 1.
Fig. 3 shows the times for each quadrant of the visual ﬁeld
for the enucleated observers and the patched and binocu-
larly viewing controls. For the enucleated observers there
was no evidence of a diﬀerence amongst quadrants.
3.2.2. Fixation stability
The bivariate contour ellipse area (BCEA) is a two-di-
mensional standard deviation independent of the constant
error of ﬁxation. As a measure of ﬁxation stability, it mea-
sures the area over which eye ﬁxations occur for a given
proportion (p) of the time (i.e., the smaller the BCEA,
the more precise the ﬁxation). BCEAs were calculated
according to the following equation:
BCEA ¼ 2kprxry
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 q2x;y
q
; where p ¼ 1 ek ð1Þ
and e is the base of natural logarithms. The values rx and
ry are the standard deviations of the points along the hor-
izontal and vertical meridians, respectively, and q2x;y is the
square of their product-moment correlation. The value k
depends on the probability area selected which, in this
Fig. 3. Fading times as a function of visual ﬁeld quadrant. Data are linear
values with logarithmic spacing. Error bars are ±1 SE.
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variate normal distribution, or 68%, which corresponds to
a value of k = 1.14.
Before computing the BCEAs, blinks and noise were
deleted from the eye position records. Eye positions corre-
sponding to 250 ms before and 500 ms after a blink data
were considered spurious and also deleted (Crossland &
Rubin, 2002). Also, a trial was deleted if less than 40% of
the total number of eye positions were useful.
Fig. 4 shows that the BCEAs by quadrant. The mean
BCEA for the enucleated group was 0.52 deg2
(SD = 0.30), the mean for the patched observers was 0.53
deg2 (SD = 0.54), and the binocular mean was 0.43 deg2
(SD = 0.24).
The normality of the data was evaluated using the Shap-
iro–Wilk test for trials with less than 2000 points and the
Kolmogorov–Smirnov test for trials with more points.
For the enucleated observers only 20 of the horizontal
and 19 of the vertical distributions out of the 129 trials test-
ed were found to be normal, and this was due to only oneFig. 4. Fixation stability as bivariate contour ellipse areas (BCEAsobserver. For the controls, only 3 of the horizontal and 4 of
the vertical distributions out of the 464 trials tested were
normal according to the tests. Although many of the kur-
tosis and skewness measures found were rather low, the
large sample sizes gave the tests very high power.
The computation of BCEAs as measures of ﬁxations sta-
bility is based on the assumption of normality of the distri-
butions of the horizontal and vertical eye positions and this
assumption, when tested with formal inference tests, is
rarely met (Steinman, 1965; Timberlake et al., 2005). The
large sample sizes obtained with most equipment for mea-
suring eye position, even at moderate sampling rates, may
make deviations from normality less serious than when
smaller samples are used, but the robustness of statistical
analysis when assumptions are not met is a complex issue
that has not yet been completely resolved (see Tabachnick
& Fidell, 1996, p. 70). In any case, although the interpreta-
tion of BCEAs should be made with caution, they are the
only useful mathematical description of ﬁxation precision
in the literature (Timberlake et al., 2005) and, so far, the
only means of comparing data from diﬀerent populations.
3.2.3. Blinking rate
The number of blinks per minute for each condition and
quadrant during the trials was computed for each observer
and Fig. 5 shows the results for the enucleated and binoc-
ularly viewing controls. We could not obtain an estimate of
blinking rate for the monocularly viewing controls since
times to fading in that condition were signiﬁcantly shorter
than in the other two and many trials had no blinks record-
ed. Blinking rates with a value of zero produced an under-
estimation of the value of the overall means.
In agreement with the fading times and the measures of
ﬁxation stability, the enucleated observers showed no diﬀer-
ences in blinking rate as a function of the quadrant of the
visual ﬁeld occupied by the stimulus. A t test with values
pooled across quadrants yielded a non-signiﬁcant diﬀerence
between the blinking rates of the enucleated observers and
the binocularly viewing controls (t(39) = 1.22, p = .16).) as a function of visual ﬁeld quadrant. Error bars are ±1 SE.
Fig. 6. Mean pupil size as function of group and viewing condition
(sampling rate = 60 Hz). Error bars are ±1 SD.
Fig. 5. Blinking rate as a function of visual ﬁeld quadrant. Error bars are
±1 SE.
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Although not statistically signiﬁcant (t(5) = 1.26,
p = .26), ﬁve of the six control observers showed a slight
consensual—i.e., larger—pupillary response to patching
(mean = 6.43 mm, SD = 2.73) as compared to binocular
viewing (mean = 5.96 mm, SD = 1.54). The pupil diameter
of the enucleated observers (mean = 4.43 mm, SD = .52),
on the other hand, tended to be smaller than that of the
controls (Fig. 6).
4. Discussion
In two-eyed observers, Troxler fading times are longer
with binocular viewing than when viewing is monocular,
but the fading times of truly monocular observers are as
long as those of binocularly normal people viewing with
two eyes for high and medium contrast and longer at low
contrast. These ﬁndings are consistent with the notion that
homogeneous ﬁelds do exert an inhibitory inﬂuence over
the information from the viewing eye even though the lack
of contours makes them weaker than textured ones at pro-
ducing rivalry.The data presented here show no evidence that the long-
er fading times of the enucleated observers are due to poor-
er ﬁxation instability although our argument can only be
made for large eye movements and blinks and not for
smaller movements such as microsaccades, drifts and trem-
or. Martı´nez-Conde, Macknik, Troncoso, and Dyer (2006)
found that microsaccades increase in magnitude and prob-
ability rate before fading is experienced. With binocularly
viewing observers, these authors also found that binocular
microsaccades have a stronger role in counteracting
peripheral fading than monocular microsaccades during
which the fellow eye exhibits either drift, tremor, or a com-
bination of both.
We also found no evidence that enucleation produces
larger pupils which, by allowing more light would explain
the longer fading times of the brighter images. The slight
miosis of the enucleated observers, if replicated with a larg-
er sample, would actually indicate that, rather than mim-
icking the consensual pupilary response of closing one
eye, the visual system opts instead for a larger depth of ﬁeld
and reduced optical aberrations for the remaining eye. The
fading times of the enucleated observers, being likely corti-
cal in origin, are longer than those of the monocularly
viewing controls despite their retinal image being dimmer
and likely to fade faster.
On average, all of the participants’ spontaneous eye-
blink rates were comparable to those of normal observers
at rest (17 blinks/min), lower than those exhibited during
conversation (26 blinks/min), and higher than those exhib-
ited while reading (4.5 blinks/min), as reported by Bentiv-
oglio et al. (1992). They were also signiﬁcantly higher than
what other research has found during video display termi-
nal (Freudenthaler, Neuf, Kadner, & Schlote, 2003; Patel,
Henderson, Bradley, Galloway, & Hunter, 1991). The
blinking rates of the enucleated observers were constant
for the four quadrants of the visual ﬁled.
For the one-eyed group he tested, Goldstein (1967)
found very few disappearances to the left of the ﬁxation
point. Measuring fading time rather than number of dis-
appearances, his ﬁnding would have predicted longer fad-
ing times for the upper left and bottom left quadrants, a
result we were unable to obtain. Goldstein gave no clini-
cal information about the enucleated participants in his
study and it is possible that a test with people enucleated
later in life would replicate the visual ﬁeld eﬀect; further-
more, he did not specify which eye the enucleated observ-
ers used for viewing and it is not possible to determine
whether the visual ﬁeld eﬀect reﬂects a hemispherical
diﬀerence.
Enucleated people show superior performance on some
contrast-deﬁned tasks such as acuity, contrast sensitivity,
and the detection of radial frequency patterns at low con-
trast (see Steinbach & Gonza´lez, 2006 for a review). Nich-
olas, Heywood, and Cowey (1996), using a black eye
patch (A. Cowey, personal communication, November,
1999), found that the contrast sensitivity of enucleated
observers was higher than that of normal controls viewing
E.G. Gonza´lez et al. / Vision Research 47 (2007) 136–144 143monocularly with their better eye and, at some spatial fre-
quencies, even binocularly. After rejecting several alter-
nate explanations for their ﬁndings, they concluded that
the absence of inhibitory binocular interactions may bring
an advantage to the enucleated group. Considering that,
apart from binocularity, an important feature of the visu-
al areas of the primary and secondary cortex are the
inhibitory interactions that underlie disparity tuning and
binocular rivalry, the removal by enucleation of this intra-
cortical inhibitory system may make individual neurons
more sensitive to contrast. Moreover, it is possible that
the form of occlusion used for the controls made the dif-
ferences between their monocular performance and that
of the one-eyed observers even larger. In a global shape
discrimination task, Steeves, Wilkinson, Gonza´lez, Wil-
son, and Steinbach (2004) found a signiﬁcant improve-
ment in the performance of binocularly normal controls
when their fellow eye viewed a grey homogeneous ﬁeld
with brightness equivalent to the mean brightness of the
stimulus ﬁeld, as opposed to a black ﬁeld. This improve-
ment was not enough to bring their performance to their
binocular level or to that of the enucleated observers and
may reﬂect the consequences of recruitment and plasticity
after enucleation observed in humans by Horton and
Hocking (1998). If the higher visual performance of enu-
cleated observers—especially at low contrast—is due, in
part, to the absence of rivalry, inhibitory binocular pro-
cesses should aﬀect controls more when stimuli are near
threshold. It is known that dichoptic stimuli at low con-
trast produce a stable summation between the two images
which begin to rival as the contrast is increased (Liu,
Tyler, & Schor, 1992).
5. Conclusions
This study demonstrates that patching or closing one
eye does not produce monocular vision but rather a condi-
tion of weak binocular rivalry. This is an important consid-
eration for research on binocular summation and other
studies in which monocular and binocular conditions are
compared.
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